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In a future fossil-free circular economy, the petroleum-based plastics industry must be converted to non-
fossil feedstock. A known alternative is bio-based plastics, but a relatively unexplored option is deriving
the key plastic building blocks, hydrogen and carbon, from electricity through electrolytic processes
combined with carbon capture and utilization technology. In this paper the future demand for electricity
and carbon dioxide is calculated under the assumption that all plastic production is electricity-based in
the EU by 2050. The two most important input chemicals are ethylene and propylene and the key ﬁnding
of this paper is that the electricity demand to produce these are estimated to 20 MWh/ton ethylene and
38 MWh/ton propylene, and that they both could require about 3 tons of carbon dioxide/ton product.
With constant production levels, this implies an annual demand of about 800 TWh of electricity and
90 Mton of carbon dioxide by 2050 in the EU. If scaled to the total production of plastics, including all
input hydrocarbons in the EU, the annual demand is estimated to 1600 TWh of electricity and 180 Mton
of carbon dioxide. This suggests that a complete shift to electricity-based plastics is possible from a
resource and technology point of view, but production costs may be 2 to 3 times higher than today.
However, the long time frame of this paper creates uncertainties regarding the results and how technical,
economic and social development may inﬂuence them. The conclusion of this paper is that electricity-
based plastics, integrated with bio-based production, can be an important option in 2050 since
biomass resources are scarce, but electricity from renewable sources is abundant.
© 2016 The Author(s). Published by Elsevier Ltd. All rights reserved.1. Introduction
Before petrochemistry, most organic materials and chemicals
were derived from biogenic feedstock. Today, nearly all of these
materials and chemicals are derived from fossil feedstock. In the
long-term, tomeet the vision of a fossil-free circular economy, fossil
fuels and feedstock will have to be phased out. The time frame for
attaining this varies between countries, but the adopted 2 C target
implies zero emissions before the end of this century. For the EU the
aim is that greenhouse gas emissions should be reduced by 80e95%
by 2050 and reach zero in the decade thereafter (European
Commission, 2011). This will have profound effects on the petro-
chemical industry as not only the emissions need to be drastically
reduced, but also the feedstock (naphtha derived either as reﬁnery
by-products or from natural-gas) will be affected by the phase out), Lars_J.Nilsson@miljo.lth.se
ier Ltd. All rights reserved.of fossil fuels for transport. Furthermore, there will be an increasing
demand for reducing the embedded carbon dioxide (CO2) emis-
sions in the feedstock itself.
One idea that has gained considerable traction in recent years is
to develop new technologies for a bio-based economy, including
bio-based plastics. Although bio-based plastics hold much promise,
they are not free from challenges and in the long-term, perhaps the
greatest limitation is resource scarcity and competing uses for
biomass and land (Mülhaupt, 2013; Tsiropoulos et al., 2015).
Another fossil-free option for producing plastics, fuels and
chemicals is to use renewable electricity, water and carbon dioxide
as a feedstock through Carbon Capture and Utilization (CCU). In
contrast to biomass, there are essentially no resource constraints
for renewable electricity and it is increasingly competitive
compared to fossil and nuclear options (IPCC, 2011).
One driving factor for several of the key technologies used in
CCU is the need for a more ﬂexible electricity demand as a result of
the increased production of variable renewable electricity. The
challenge of variable electricity production has generated interest in
power-to-gas/liquid concepts; both since gases and liquids are
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be useful in applications where electricity is not suitable (Aresta
et al., 2013) Thus, electricity-based production is likely to become
an important alternative to bio-based production in a fossil-free
world. An electricity-based process, in contrast to a bio-based
process, can use various sources of carbon. For production of hy-
drocarbons without ﬂows of fossil carbon this means tapping into
ﬂows of biogenic carbon, or possibly use of air capture. For this
reason, the electricity-based processes are likely to be deeply inte-
grated with the bio-based processes. Using carbon dioxide as a
feedstock is not new, the global annual use in the chemical industry
is around 200 Mton, mainly in production of urea (Schüwer et al.,
2015). Other applications such as methanol (CH3OH) and polymer
production are growing, but starting from very low levels (Aresta
et al., 2013). Some speciﬁc examples of demonstrated applications
include polyurethane from Covestro (Covestro, 2015), ‘blue crude’
from Sunﬁre (Sunﬁre, 2015) and methanol produced from Carbon
Recycling International (Carbon Recycling International, 2015).
There is an emerging literature on CCU options and technologies
for a variety of applications (Graves et al., 2011; Hoekman et al.,
2010; Jensen et al., 2007; Liu et al., 2009; Ogura, 2013; Ren et al.,
2008; Stünkel et al., 2012; Styring et al., 2014). However, the op-
tion of using renewable electricity, water and carbon dioxide as
feedstock for chemicals and materials is still relatively unknown
and unexplored, and CCU is generally assumed as negligible
compared to other mitigation options (IPCC, 2014). The same is true
for electricity used to replace fossil fuels and feedstock in other
basic material industries, such as iron and steel (Lechtenb€ohmer
et al., 2015; Åhman and Nilsson, 2015).
The overall aim of this paper is to ﬁll a part of this gap by
exploring the CCU option for plastics and calculate the potential
future electricity and carbon dioxide demand in the EU for a 100%
shift to electricity-based plastic production. For this purpose, a
continued use of plastics and constant production levels (57 Mton/
year) of ethylene (C2H4) and propylene (C3H6) are assumed. Future
efﬁciencies and yields are estimated based on the literature and
used as a basis for calculating potential electricity and carbon di-
oxide demands. Rough cost estimates are made, and the future
prospects for electricity-based plastics to become competitive are
discussed. The structure of this paper is as follows: ﬁrst, general
information on the current and future production of plastics and
bio-based plastics is presented, second the production methods for
electricity-based plastics are presented and third the potential cost,
electricity and carbon dioxide demand is presented. The ﬁnal sec-
tions include a discussion on limitations and uncertainties followed
by conclusions.
2. Current and future plastic production
Global plastic production has increased from 200 to over
300 Mton over the past 10 years, with projections for continued
future increase (Plastics Europe, 2015). The growth is driven mainly
by increasing demand in developing regions such as Asia, Africa
and South America (UNEP, 2012). Assuming that a global popula-
tion of 8e9 billion people consume plastics at the present average
EU level of more than 100 kg/capita, the world would use about
1000 Mton/year of plastics. The EU plastics industry also predicts
continued growth in global demand, but does not expect the
increased production to be located in Europe (Ceﬁc, 2013). The EU
production is instead expected to remain relatively constant and
therefore it is assumed in this paper that the total EU production in
2050 is similar to the present, i.e., 57 Mton/year. Furthermore, no
major changes in the product mix are assumed. Ethylene and
propylene are the largest bulk chemicals and plastic raw materials,
with an annual EU production of 16 Mton and 13 Mton respectively(Eurostat, 2013). In the detailed analysis of this paper, focus is set on
these two alkenes since the great majority of them are used as
direct or indirect feedstock for more than half of all plastics,
including polyethylene (PE), polypropylene (PP), polyethylene
terephthalate (PET) and polyvinylchloride (PVC).
The assumption that the EU plastic production will remain
constant seems plausible also given recent trends in efforts to
improve resource efﬁciency. The EU plastic production has ﬂuctu-
ated around 60 Mton/year over the past decade, and it does not
seem to be inﬂuenced by import, population increase or recycling
rates. In the past decade there has been a positive trade balance and
an increase in plastic recycling, but no signiﬁcant increase in pro-
duction (Plastics Europe, 2015). Goals are set to increase recycling
even further, with the target that no plastic should end up in
landﬁlls and that 80% of plastic packaging should be recycled by
2025 (European Commission, 2014). Improved resource efﬁciency
and recycling can reduce the demand for plastic production from
virgin feedstock, but future plastic production levels can still be
assumed to be stable due to for example increased utilization
related to population growth.
3. Bio-based production
Production of bioplastics is getting increased attention from
both public and private actors. However, the term bioplastics often
leads to confusion because it includes both plastics that are bio- and
fossil-based. A plastic can be a bioplastic in three different ways; (1)
bio-based and non-biodegradable, (2) bio-based and biodegradable
or (3) fossil-based and biodegradable. This paper only considers
bio-based plastics, both biodegradable and non-biodegradable,
since the aim is to explore the implications of a fossil-free plastic
production. Bio-based plastics are still in their infancy and subject
to substantial development efforts. They have so far mostly been
used in special applications, but the range of applications is ex-
pected to increase through recent technical advances, such as
production of conventional plastics from biomass. The most
prominent example is polyethylene from sugarcane ethanol
(C2H5OH) from Brazil (Braskem, 2015). Global projections of bio-
based plastic production vary, but all estimates project a future
increase. At present the annual bio-based plastic production is
around 1 Mton, but it is projected to increase to between 6 and
12Mton in 2020 (European Bioplastics, 2013; Nova-Institute, 2015).
Even though the expected increase is large, bio-based plastics will
only account for a few per cent of the global plastic productionwith
the current projections.
Bio-based plastics when entirely based on sustainable biomass
feedstock and renewable energy will reduce carbon dioxide emis-
sions, but the limited amount of suitable land and the competition
between food, feed, fuel and material makes biomass a scarce
resource (Tsiropoulos et al., 2015). Critics of bio-based plastics also
point out problems with intensiﬁed farming, extensive use of water
and fertilizers, deforestation and increased greenhouse gas emis-
sions due to grassland conversion (Mülhaupt, 2013).
Replacing the fossil feedstock for the current global demand for
platform chemicals, that mainly form plastics (275 Mton), is esti-
mated to require between 17 and 40 EJ of biomass (Cherubini and
Strømman, 2011). Scaling that up to a future global production of
500e1000 Mton of plastics results in a biomass feedstock need of
30e150EJ. Thisbiomassneed representsa relatively large shareof the
estimated 50 to 500 EJ global biomass potential (IPCC, 2011). Other
estimations present an even lower biomass potential (75e215 EJ),
underlining the point of scarcity even further (Saygin et al., 2014).
In a scenario where plastics do not compete with food or
contribute to deforestation, a possible feedstock for bio-based plas-
ticswould be by-products and residues from agriculture and forestry
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of polyethylene based on by-products from the forest industry
(SEKAB, 2015). However, on a global level residues and by-products
only amount to about 50 EJ; in other words, the lower number in the
IPCC biomass potential range noted above, and they also have
competing uses. Thus, it seems prudent to also consider electricity
and carbon dioxide as a future non-fossil option for plastics.
4. Electricity-based production
Fossil-free production of drop-in quality ethylene and propylene
from electricity and carbon dioxide can be done in different ways.
The method on which the calculations are based is chosen for its
relatively high selectivity, where selectivity means the percentage
of carbon feedstock that ends up in the desired product. The
electricity-based ethylene and propylene production method is
illustrated in Fig. 1 and the subsequent sections contain explana-
tions of the process condition and electricity demand. In summary,
the production starts with the most energy consuming step namely
the formation of methane (CH4) via a combined solid oxide elec-
trolysis cells (SOEC) and Sabatier reaction. This is followed by the
ethylene production via oxidative coupling of methane (OCM), and
the propylene production via methanol to propylene (MTP), both of
which use methane as feedstock.
The feedstock needed is composed of electricity, carbon dioxide
and water and for the ﬁnal products to be fossil-free these inputs
must be so as well. The calculations are based on assumptions that
include future possible improvements in efﬁciencies, C-conversion
and selectivity. This paper considers the utilization, and not the
capturing, of carbon dioxide; therefore, the energy use for
capturing, transporting or processing the carbon dioxide is not
included. Another assumption is that the unreacted carbon dioxide
and methane is circulated without leakage. The electricity and
carbon dioxide demand are further explained and calculated in
Section 5 and 6, but in summary it is allocated to the ethylene,
propylene and the hydrocarbon by-products (stream 9 in Fig. 1)
based on the share of carbon in the product. The electricity allo-
cation is divided in two parts, ﬁrst the share of electricity needed to
produce the methane used in the ﬁnal product and then the elec-
tricity needed for the speciﬁc process. The sum of the twomakes up
for the total electricity need. The allocation of the carbon dioxide
regard the carbon used per product or process, where the carbon
content of the methane is recalculated to CO2-equivalents.
4.1. Hydrogen and methane formation
The ﬁrst process step in the formation of electricity-based
ethylene and propylene is a Solid Oxide Electrolysis Cell (SOEC)
where water is split into hydrogen (H2) and oxygen (O2) (see
Reaction 1 and Fig. 1). The reaction takes place under highFig. 1. Illustration of the process from water [1] and carbon dioxidetemperatures (600e900 C) leading to thermodynamic advantages
that substantially reduce the electricity need. However, electricity
still accounts for about 70% of the production cost (Jensen et al.,
2007). The SOEC technology is not yet available on an industrial
scale and the main challenge is to develop electrode materials to
further reduce the electricity use and decrease the degradation to
prolong the lifetime of the cell (Jensen et al., 2013).
2H2O/2H2 þ O2 (R.1)
All the hydrogen produced in the SOEC is used in the Sabatier
reaction, but only a small amount of the oxygen is used within the
process (see stream 2 and 3 in Fig. 1). The majority of the clean and
separated oxygen is therefore available for other industrial appli-
cations. The current efﬁciency and electricity need for commer-
cially available electrolysis, such as alkaline electrolysis and proton
exchange membrane electrolysis, is around 50e70% and 4 to
7 kWh/Nm3 hydrogen gas (Ursua et al., 2012). However, by 2050 it
can be expected that SOEC will be commercially available with a
process efﬁciency of about 85% and an electricity need of perhaps
3.5 kWh/Nm3 hydrogen gas (Mogensen, 2014).
The second step, the methane formation takes place via a cat-
alytic methanation in a Sabatier reaction that produces methane
and water from hydrogen and carbon dioxide (see Reaction 2 and
Fig. 1). The reaction is exothermic, meaning that it produces heat,
and due to thermodynamics the temperature in the Sabatier reac-
tion should be below 500 C (Gao et al., 2012). The brackets in the
ﬂowchart in Fig. 1 illustrate that a co-location of the SOEC and the
Sabatier reaction is highly favourable, since thewaste heat from the
exothermic Sabatier reaction can be used in the SOEC and thereby
decrease the total energy need. As can be seen in Reaction 2, the
Sabatier reaction has an inefﬁcient hydrogen use and only half the
hydrogen turns to methane. Another disadvantage with the
Sabatier reaction is that the CO2-conversion is low, meaning that
some of it leaves unreacted and hence the recirculation is impor-
tant (Hoekman et al., 2010).
4H2 þ CO2/CH4 þ 2H2O (R.2)
The electricity need to form methane from water and carbon
dioxide, including the SOEC and the Sabatier reaction, can be ex-
pected to be 12 kWh/Nm3 methane by 2050. This is a decrease of
about 2e6 kWh/Nm3 compared to the current electricity need of
14e18 kWh/Nm3methane (De Saint Jean et al., 2014; Sunﬁre, 2015).4.2. Ethylene formation
The third step of the electricity-based plastic production is the
ethylene formation via Oxidative Coupling of Methane (OCM) using
the methane and oxygen from the previous steps (see Reaction 3
and Fig. 1). The OCM-process consists of three stages: a reactor, a[4], via methane [5] and [7], to ethylene [6] and propylene [8].
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reactor is low, therefore the unreacted methane is both circulated
internally to increase the carbon-conversion and used as feedstock
for the next process step, the propylene formation (Stünkel et al.,
2012). Also, regardless of the use of optimized catalyst and pro-
cess conditions some of the input methane will oxidise to carbon
dioxide (Jaso et al., 2012). The carbon dioxide separated from the
stream is a clean and useful feedstock that could be used to lower
the carbon dioxide need in the Sabatier reaction. However, the
amount is low and therefore does not have a great impact on the
overall performance.
2CH4 þ O2/C2H4 þ 2H2O (R.3)
By 2050 a methane conversion of 35% and a selectivity for
ethylene of 85% can be assumed, meaning that 35% of the input
methane will react and that 85% of this will form ethylene (Arndt
et al., 2012). The electricity consumption of the process is low
and depends mostly on the pressure in the reactor and the CO2-
removal; it is assumed to be 40 kWh/ton ethylene by 2050.
Regarding the carbon dioxide need for the ethylene production, it is
derived from the methane utilization and the carbon dioxide res-
idue in the reaction, resulting in 3 tons of CO2/ton ethylene.4.3. Propylene formation
The ﬁnal process step of the electricity-based plastic feedstock is
the propylene formation through a Methanol to Propylene (MTP)
process consisting of a series of reactions and intermediates. As
seen in the ﬂowchart (Fig. 1) the propylene feedstock consists
entirely of the unreacted methane from the OCM. The key steps in
the MTP are methane and oxygen forming methanol and dimethyl
ether (CH3OCH3) prior to the propylene formation (see Reaction 4
and Fig. 1) (Hadi et al., 2015). The formation from methane to
methanol occurs in two steps, via syngas, and requires oxygen and
energy (8.3 MWh/ton methanol) (Ren et al., 2008). A direct con-
version would be more energy efﬁcient, but the technology is not
expected to have a breakthrough any time soon even though this is
subject to extensive research efforts (Holmen, 2009).
CH4/CH3OH/CH3OCH3/C3H6 (R.4)
The MTP process strongly depends onwell-functioning catalysts,
but still struggle with low selectivity, and the end stream does not
only contain the desired propylene, but also water and a mix of
hydrocarbon by-products. Assuming that a development of catalysts
will reduce the formation of unwanted hydrocarbons, the selectivity
for propylene is expected to be 55% by 2050. The expected distri-
bution of the carbon selectivity is presented in Table 1 and shows
that the stream, except the 55% propylene, will contain around 20%
butylenes (C4H8) and 14% hydrocarbons consisting of ﬁve or more
carbon atoms (C5þ) (Hu et al., 2012). For example, butylenes are
important monomers in the production of the plasticizer poly-
butene, but even though the hydrocarbon by-products might not
directly be used for plastic production, they are valuable energy-
containing chemicals that can be used for other purposes,
although this is not further investigated here. Applying the allocation
method for the electricity and carbon need, the MTP process resultsTable 1
The distribution of the end stream in the MTP process presented in carbon percentage, sh
C5þ. Adapted from (Hu et al., 2012).
Methane Ethane Propane Ethylene
Selectivity [C%] 1 0.5 0.5 4in an electricity consumption of 19 MWh/ton of propylene and a
carbon dioxide need of 3 tons of CO2/ton of propylene.
4.4. Summary of results
The outcome of applying the processes described above on a
completely electricity-based EU production of ethylene and pro-
pylene by 2050 is shown in Table 2. The annual mass [Mton] and
energy ﬂow [TWh] of the ﬂowchart (Fig. 1) show that 208 Mton
water, 127 Mton carbon dioxide and 1210 TWh could result in
16Mton ethylene,13Mton propylene and 11Mton hydrocarbon by-
products. The hydrocarbon by-product consists mainly of butyl-
enes, a variety of alkanes and aromatics in accordance with Table 1.
Due to the carbon content in the products and the mass relation-
ship between carbon dioxide and hydrocarbons in general, the
carbon dioxide need will be almost equal for all products, 3 tons of
CO2/ton hydrocarbon.
Table 2 also shows that the largest energy use takes place in the
integrated SOEC and the Sabatier reaction. The ethylene and pro-
pylene formation in the OCM and MTP require less energy, but are
more inefﬁcient regarding C-conversion and selectivity. Not all
ﬂows are shown in the ﬂowchart in Fig. 1 or in Table 2 since some
ﬂows are not used in the process, including excess oxygen or water
leaving the Sabatier reaction, the OCM or the MTP.
5. Electricity needs
Based on the detailed assessment of electricity-based ethylene
and propylene production, the electricity need is allocated to each
energy-containing product and the results are scaled up to estimate
the potential electricity needs for the total EU production of the
intermediates and plastics. The electricity need for the methane
and methanol production is allocated to each stream (i.e., 16 Mton
ethylene, 13 Mton propylene and 11 Mton hydrocarbon by-
products) based on carbon use as described in Section 4. Meaning
that the electricity need per product is a sum of the SOEC and
Sabatier process and the OCM for the ethylene or the MTP for the
propylene and hydrocarbon by-product (see Table 2 for process
electricity need). The ethylene production (16 Mton) accounts for
42% of the carbon use, which results in 318 TWh (Eq. (1)) as well as
a speciﬁc consumption of 20 MWh/ton of ethylene. Regarding the
propylene (13 Mton) the corresponding numbers are 32%, 490 TWh
(Eq. (2)) and 38 MWh/ton, and the hydrocarbon by-products
(11 Mton) account for 25% of the carbon use, 401 TWh (Eq. (3))
and 37 MWh/ton.
Ethylene ð0:42*759TWhÞ þ 1TWh ¼ 318TWh (Eq.1)
Propylene ð0:32*759TWhÞ þ ð0:55*450TWhÞ ¼ 490TWh
(Eq.2)
Hydrocarbonbyproducts ð0:25*759TWhÞþð0:45*450TWhÞ
¼401TWh
(Eq.3)
Excluding the hydrocarbon by-products, the EU production of
ethylene and propylene (29Mton) by 2050would require 808 TWh.owing that the largest ﬂows after the desired product propylene are butylenes and
Butane Butylenes C5þ Aromatics Propylene
3 20 14 2 55
Table 2
The annual mass ﬂow, electricity need, process efﬁciency, C-conversion and selectivity for producing ethylene and propylene in the EU by 2050.
SOEC and Sabatier OCM MTP
Nr: Substance 1:H2O 2:H2 3:O2 4:CO2 5:CH4 6:C2H4 7:CH4 8:C3H6 9:CxHy
Total weight [Mton] 208 23 18 127 46 16 27 13 11
Electricity need 759 TWh 1 TWh 450 TWh
Process efﬁciency 85%
C-conversion 60% 35% 100%
Selectivity 85% 55%
Note: 208 Mton water and 127 Mton carbon dioxide result in 16 Mton ethylene, 13 Mton propylene and 11 Mton hydrocarbon by-products. Note that not all substances are
present in Table 2 or Fig. 1. For example, the water (103 Mton þ 18 Mton) leaving the Sabatier reaction and OCM. The same goes for the carbon dioxide (2 Mton) produced in
the OCM as well as the excess oxygen (165 Mton) from the SOEC. The total electricity need for each process clearly shows that the electrolysis and Sabatier reaction consume
the most electricity, 759 TWh in comparison with 1 and 450 TWh. The C2- and C3-formation in the OCM and MTP are rather inefﬁcient regarding conversion and selectivity,
respectively.
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production in 2012 (Eurostat, 2014). It also compares to the total
non-energy feedstock in petrochemistry in 2012 that was 860 TWh,
where 66% of the physical (Mton) production was ethylene and
propylene (Eurostat, 2012, 2013).
For scaling up the electricity need to the production of all
plastics in the EU a rough assumption is made that all other plastic
raw materials such as benzene and styrene will require an equiv-
alent of the average speciﬁc consumption of ethylene and propyl-
ene at 29 MWh/ton. It is also assumed that there is no substantial
weight difference between the raw material and the resulting
plastic material, as well as that no additional electricity is used in
the polymerization processes. Under these assumptions, the total
electricity use for producing all EU plastics (57Mton) in 2050would
be 1615 TWh, with a range from 1400 to 1900 TWh.
Plastics has a high energy content and currently the fossil en-
ergy and feedstock need for the global plastic production is esti-
mated to amount for around 8% of the global oil and gas production
(Hopewell et al., 2009). Thus, it is not surprising that it requires
much energy in the form of feedstock to produce plastics, irre-
spective of whether the feedstock is petroleum, biomass or elec-
tricity and carbon dioxide.
The assumed technical improvements by 2050 may result in an
electricity need that could be about 600 TWh lower (see Table 3).
The difference between 2050 and 2014 depends mainly on the
expected development of the SOEC electrolysis. Although
1615 TWh is a large amount of electricity, it is relatively little
compared to the technical potential for renewable electricity from
wind and solar, which amounts to tens of thousands of TWh in
Western Europe (IPCC, 2011). As noted earlier, the electricity used
for this process is assumed to be based on renewables; otherwise,
the plastic as such cannot be considered renewable.Table 3
The electricity need for producing ethylene, propylene and all plastics in the EU by
2050 (improved technology) and 2014 (current technology) shows that the expected
technology improvement lowers the total electricity need by about 600 TWh.
2050 2014
[TWh] [MWh/ton] [TWh] [MWh/ton]
Ethylene 318 20 532 33
Propylene 490 38 590 46
Ethylene þ Propylene 808 20 and 38 1122 33 and 46
Remaining raw materials 807 29 1081 39
All plastics 1615 29 2203 39
Note: The remaining plastic rawmaterials are assumed to have an electricity need of
the average value between ethylene and propylene (29 MWh/ton), if instead the
extreme values are applied (20 or 38MWh/ton) it results in an electricity need for all
plastics by 2050 that ranges between 1400 and 1900 TWh.6. Carbon dioxide needs
In a circular economy carbon dioxide is expected to move from
being a pollutant that is discharged into the atmosphere creating
climate change to become a carbon resource for fuels, chemicals
and plastics. This section explores howmuch carbon dioxide the EU
would need annually to sustain the assumed level of plastics pro-
duction in 2050 and what the sources of carbon dioxide may be
with no fossil fuel use.
The reactions and mass balances in Section 4 showed that the
carbon dioxide use per ton of product is about 3 tons CO2/ton
ethylene or propylene. The resulting total carbon dioxide demand
for the production of 29 Mton ethylene and propylene is 94 Mton
CO2 (see Table 4). The results are scaled up to the total EU plastic
production, assuming that the carbon dioxide use per ton of feed-
stock monomers is equal for all plastics (i.e., 3 tons of CO2/ton).
Once again the potential difference in weight of the feedstock and
the total weight of all ﬁnal products is not considered. Based on
these assumptions, the total annual need of carbon dioxide to cover
the EU plastic production is estimated to between 180 and
190 Mton (see Table 4). As expected, the carbon dioxide demand
will not differ much between 2014 and 2050, since the carbon di-
oxide and methane are re-circulated internally the mass balance is
not affected much by technology development.
The potential sources of carbon dioxide can be both fossil and
non-fossil and although air capture removes any scarcity argument,
it would be convenient to capture carbon dioxide in more
concentrated streams. In a circular economy concentrated non-
fossil carbon sources may come from combustion of biomass and
municipal waste (including end-of-life plastics), or the production
of ethanol or upgrading of biogas. The potential size of such speciﬁc
streams in 2050 are unknown today, though some rough estimates
can be made of future potential biogenic carbon ﬂows.
The current annual use of biomass for energy in the EU is about
3 EJ (European Commission, 2013). Emission factors for oil and coal
that are well documented are on the order of 75 kgCO2/GJ and 90 to
100 kgCO2/GJ. Direct emission factors for corresponding biofuels
such as tall oil and solid wood fuels when burned are in the sameTable 4
The carbon dioxide need for ethylene, propylene and all plastics in the EU by 2050
and 2014 does, as expected, not vary with improved technology.
2050 2014
CO2 [Mton] CO2 [Mton]
Ethylene 53 54
Propylene 41 41
Ethylene þ Propylene 94 95
Remaining raw materials 90 91
All plastics 184 186
E. Palm et al. / Journal of Cleaner Production 129 (2016) 548e555 553range (Paulrud et al., 2010). A simple assumption of 100 kgCO2/GJ
average emissions for EU biomass indicates that current emissions
of biogenic carbon dioxide are about 300 Mton/year. Even if future
use of biomass for energy may be two to three times higher and
waste combustion provides an additional source, this indicates that
there may be competition for concentrated bio-based carbon di-
oxide sources in a fossil-free future.
7. Cost and competitiveness
Given that is it possible from a technological and resource point
of view to produce plastic feedstock from electricity, water and
carbon dioxide, a cost and competitiveness comparison between
fossil-, bio- and electricity-based ethylene is motivated. Ethylene
prices show considerable variation over time, but a global market
price for fossil ethylene is assumed to be 1100 USD/ton (915 EUR/
ton). Bio-based ethylene is produced from bioethanol in Brazil at
prices around 1200 USD/ton (1000 EUR/ton) and from substantially
more costly bio-feedstock such as sugar beets in the EU, or with
more advanced technologies based on woody biomass in the US at
costs ranging from 1900 to 2600 USD/ton (1600e2170 EUR/ton)
(IRENA, 2013). There are no published cost estimates for the pro-
duction of entirely electricity-based ethylene or propylene starting
with carbon dioxide and water. In the rough estimate of this article
(with 20 MWh/ton ethylene), the electricity cost alone (at 60 EUR/
MWh) would represent 1200 EUR/ton ethylene, thus suggesting
that total production costs may be 2000 EUR/ton or more.
Using electricity and carbon dioxide as the main feedstock for
ethylene and propylene production will only make sense under a
very strict climate policy where fossil feedstock is completely
phased out. The two main non-fossil feedstock options available
then are biomass or electricity and carbon dioxide. For discussing
future costs, electricity-based production is compared with bio-
based production using thermo-chemical conversion of woody
biomass. These production routes share the intermediate products
syngas and/or methane as a feedstock for further synthesis to
ethylene and propylene, which allows for comparison at this stage.
For syngas and methane production there are current and future
cost estimates for both electricity and bio-based production.
Current production costs for bio-based methane are roughly
80 EUR/MWh (Åhman, 2010). Future projections assuming sub-
stantially lower technology cost and increased conversion efﬁ-
ciencies estimate a potential long-term cost of 36e55 EUR/MWh
(Van der Meijden et al., 2011; Åhman, 2010). These costs depend
strongly on feedstock costs, and the range reﬂects future biomass
feedstock prices ranging from 7 to 20 EUR/MWh (IRENA, 2013).
The estimated current production cost for methane from elec-
tricity and carbon dioxide is 120e180 EUR/MWh (Benjaminsson
et al., 2013; Krause et al., 2013). Future estimates assume lower
technology costs and higher efﬁciencies as through, for example,
the development of SOEC technology. Future cost estimates for
electricity-basedmethane range from 55 to 100 EUR/MWh. The low
cost estimate assumes a very low future electricity price of 11 EUR/
MWh, and the higher estimate assumes a more realistic (but still
relatively low) electricity price of 30e35 EUR/MWh (Mogensen,
2014; Reinchert, 2012).
The comparison between cost estimates for intermediate
methane production suggests that in order for bulk production of
electricity-based ethylene to become competitive with bio-based
ethylene, the electricity prices need to be very low (perhaps
below 30 to 35 EUR/MWh) and, at the same time, the price of
biomass would be need to be substantially higher than today
(perhaps above 30 to 40 EUR/MWh). This change in relative price
between electricity and biomass is possible in a future where
competition for scarce biomass resources is strong and if low costrenewable electricity technologies are successfully developed. The
potential for solar power is huge, and future costs may well
decrease to 30 to 40 EUR/MWh (IPCC, 2011). One possible scenario
is that solar PV becomes a backstop technology that indirectly
through, for example electricity-based methane, determines the
willingness to pay for, and thus the price of, biomass feedstock.
8. Discussion
The analysis shows that a complete shift to electricity-based
plastics in the EU is possible in principle from a resource and
technology perspective. To put the result into context uncertainties,
technology developments, alternative processes and the need for
integration between electricity and bio-based routes are discussed
below. However, switching plastic production to renewable feed-
stock only solves one environmental problem associated with
plastics. Other issues such as land and ocean littering, hazardous
additives and resource inefﬁcient use of plastics are not addressed
in this paper, nor are they solved via a change of feedstock.
Except known limitations with the production method, such as
low selectivity and high electricity consumption, the long time
frame of the analysis imply further uncertainties. For example, the
process steps exist in more or less industrial scale at present, but
the entire integrated process has, to the authors' knowledge, not
yet been tested. This creates uncertainties in how the scaling might
affect the electricity and raw material consumption. Further, the
assumption that there are no differences in weight and energy use
between the feedstock and the ﬁnal plastic is rather general, since
more energy is probable to be needed in the polymerization pro-
cess, and the additives also account for an amount of the plastic
weight. Thus, the results of the electricity and carbon dioxide de-
mand are to be regarded as a ﬁrst estimate of a future electricity-
based plastic production. The same is true for the cost and
competitiveness, were the results indicate that the production cost
for ethylene, propylene and plastics could become 2 to 3 times
higher. However, in this paper the carbon dioxide is assumed to be
for free, both regarding capturing, possible cleaning and trans-
portation. This may not be the case depending on development of
emission targets, carbon tax, oil and electricity pricing, etc.
implying that cost may be even higher. However, the material cost
is often low in comparison to the product price, meaning that high
prices on plastics are not likely to be a problem for the overall
economy (Rootzen, 2015). Another inﬂuencing factor and possible
uncertainty is the technology development, but the technologies
can be expected to develop irrespective of potential future appli-
cations in the plastics industry. For example, power-to-gas/liquid
solutions dealing with the increased need to store power from
variable electricity production are likely to drive the development
of electrolysis and methanation processes. Thus, the key process
steps and technologies for electricity-based plastics are essentially
general-purpose technologies that have a broad range of
applications.
The process studied in this paper is not the only option, alter-
native routes of producing hydrocarbons exist and they all entail
different advantages and limitations. One alternative process is
producing syngas (CO and H2) in co-electrolysis, where carbon di-
oxide and water react simultaneously in a high-temperature SOEC
device. The syngas produced in this efﬁcient, but not yet mature,
technology can be used for ethylene and propylene production via a
modiﬁed FischereTropsch reaction (Graves et al., 2011). The
method has the beneﬁt, in comparison with the chosen route, of
being less complex regarding catalysts, but it results in a mixture of
oleﬁns and has lower selectivity for ethylene and propylene
(Ampelli et al., 2015). Another more developed process option is
producing methanol for the MTP process directly from syngas,
E. Palm et al. / Journal of Cleaner Production 129 (2016) 548e555554without forming methane. However, this process does not easily
allow for process integration with production of ethylene from
methane.
A co-evolution and integration between electricity and bio-
based production of chemicals and materials is possible. The bio-
based production has a lower electricity demand and can be inte-
grated with the electricity-based production as a carbon source.
The H2 and CO2 economy of producing plastics basically necessi-
tates that integration. An application to integrate early may be to
boost bio-based processes with hydrogen from electrolysis.
Thermo-chemical gasiﬁcation and biological processes for methane
production both have a surplus of carbon dioxide, and adding
hydrogen can therefore increase the yield. Thus, electricity and
biomass are options that complement rather than compete with
each other. In the near term niche markets may develop, such as
CCU polyurethane, but in the longer term it is likely that bulk drop-
in material such as ethylene and propylene from renewable sources
will be an important part of phasing out petrochemistry.9. Conclusions
In a fossil-free future, electricity from renewable sources may
become an important input for producing hydrogen and hydro-
carbons, not only for fuel and power storage, but also as feedstock
for the production of plastics. This paper explores a scenario where
the current EU plastic production (57 Mton/year) remains constant,
but is completely electricity-based. The key ﬁndings are that the
total demand for electricity for such a production in 2050 could be
1400 to 1900 TWh and the carbon dioxide demand could be around
180 Mton. These ﬁgures are based on scaling up the results of a
detailed assessment of electricity-based ethylene and propylene
production, which was found to have a speciﬁc electricity demand
of 20 MWh/ton and 38 MWh/ton respectively. Furthermore, both
ethylene and propylene require about 3 tons of carbon dioxide/ton
of product.
The analysis suggests that a complete shift to electricity-based
plastics is possible from a resource and technological perspective,
but that production costs may be 2 to 3 times higher than today.
However, the long-term analysis imposes uncertainties and both
the cost and resource requirements may vary depending on aspects
such as development of technology, material efﬁciency and oil and
electricity pricing.
Electricity-based plastics production is still a relatively unex-
plored option and more research and development is needed to
advance the key technologies involved and to understand the po-
tential role of electricity-based plastics in a fossil-free circular
economy. Further studies could involve environmental assessments
of the technology, integration between the electricity and bio-
based economies and fundamental research on the process tech-
nologies. Nonetheless, it can be concluded that electricity-based
plastics, integrated with a bio-based production, is an important
option for a future with scarce biomass resources, but abundant
electricity from renewable sources.Acknowledgements
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